Introduction
============

The mitotic spindle facilitates chromosome segregation by capturing sister chromatids and segregating them to opposite poles during anaphase. This process requires that spindle microtubules form a physical connection with the chromosomes at kinetochores, proteinaceous structures assembled upon centromeric DNA. Analysis of the 125 bp budding yeast centromere has revealed three conserved sequence elements: CDEI, CDEII, and CDEIII ([@bib7]). Kinetochore function both in vivo and in vitro requires the CBF3 complex (Ndc10p, Cep3p, Ctf13p, and Skp1p \[[@bib9]; [@bib36]\]). This complex binds to CDEIII and provides a scaffold that allows the association of other kinetochore proteins including the CenpC-like protein Mif2p ([@bib25]), the Ctf19 complex (Ctf19p, Mcm21p, and Okp1p \[[@bib28]\]), and the Ndc80 complex (Ndc80p, Spc24p, Spc25p, and Nuf2p \[[@bib15]; [@bib41]\]). Current models of the kinetochore suggest that CDEII wraps around a core histone containing the H3-related protein, Cse4p ([@bib6]; [@bib26]), allowing proteins bound to CDEI (Cbf1p) to interact with those bound to CDEIII (CBF3).

Despite the large number of kinetochore proteins identified in budding yeast, some of the most important questions about the kinetochore remain unanswered. Although the organization of the inner kinetochore proteins, which associate directly with DNA, is well established ([@bib6]; [@bib26]), the organization and identity of the outer kinetochore proteins, which associate with spindle microtubules, remains to be determined. In addition, the precise nature of the connection between the kinetochore and microtubules and how this attachment is formed and regulated are still unclear. Although the proteins mentioned above are required for correct kinetochore function in vivo, none of these proteins has been shown to bind to microtubules directly.

One protein that might function to generate kinetochore--microtubule connections is Dam1p. Dam1p binds to microtubules directly in vitro ([@bib12]) and plays an important role in multiple aspects of spindle structure ([@bib12]; [@bib17]; [@bib2]). Analysis of *dam1* mutants has also demonstrated that Dam1p plays an essential role in chromosome segregation with phenotypes that are similar to mutants defective for kinetochore function ([@bib2]). In addition, Dam1p associates with kinetochores ([@bib2]; [@bib5]), indicating that it is well positioned to facilitate microtubule--kinetochore interactions.

Our previous work demonstrated that Dam1p associates with at least two other proteins, Duo1p and Dad1p ([@bib2]; [@bib5]). To better understand how Duo1p, Dam1p, and Dad1p function together to contribute to spindle and kinetochore function, we purified a native complex containing these proteins and at least four others. The identification of these additional subunits and the purification of this complex as a functional unit allows for a more complete understanding of the organization, activities, and regulation of the outer kinetochore in budding yeast.

Results
=======

Duo1p, Dam1p, and Dad1p are components of a discrete multiprotein complex containing at least seven subunits
------------------------------------------------------------------------------------------------------------

Using coimmunoprecipitation, we have demonstrated previously that Duo1p, Dam1p, and Dad1p are able to associate with each other in budding yeast ([@bib2]; [@bib5]). To purify these proteins from yeast extracts, we used a modified version of the tandem affinity purification tag ([@bib31]) integrated at the *DAD1* locus (Dad1--S tag--TEV-ZZ; see Materials and methods). A total of nine polypeptides ranging in size from 4 to 50 kD were observed to specifically copurify with Dad1p ([Fig. 1](#fig1){ref-type="fig"} A). Mass spectrometric analysis of this purified complex confirmed the presence of Duo1p, Dam1p, and Dad1p and additionally identified Spc19p, Spc34p, Ask1p (YKL052c), and Dad2p (for Duo1 and Dam1 interacting; YKR083c). Spc19p and Spc34p were identified previously by mass spectrometry of purified spindle poles ([@bib42]). Despite repeated attempts, we were not able to establish the identity of the bands marked with an asterisk in [Fig. 1](#fig1){ref-type="fig"} A. Although these polypeptides were reproducibly isolated in our purification, it is possible that they are cleavage products of a larger subunit. We conclude that Duo1p, Dam1p, and Dad1p are components of a larger multiprotein complex present in yeast protein extracts. Because Dam1p is the most well characterized of these proteins, we refer to this set of proteins as the Dam1p complex.

![**Purification of a 245 kD Dam1p complex.** (A) Purification of the Dam1p complex using a tagged Dad1p reveals 10 polypeptides. Purified Dam1p complex (as described in Materials and methods) and protein from an identical purification using an untagged control strain were separated on a 13.5% SDS-PAGE gel and silver stained. Polypeptides identified by mass spectrometric analysis of the complex are indicated. Those not yet identified are denoted by an asterisk. Bands labeled "background" are the highly homologous heat shock proteins Ssb1 and Ssb2 (66 kD) and Ssa1, Ssa2, Ssa3, and Ssa4 (70 kD). (B) Determination of S value and Stoke\'s radius of the Dam1p complex in yeast extracts. Sucrose gradient and Superose 6 gel filtration fractions (as described in Materials and methods) were probed with antibodies against Duo1p and Dam1p. The S value for Duo1p/Dam1p-containing complex was estimated as 6.5 from a linear fit of the S values versus peak fraction number of standards, and the Stoke\'s radius was estimated as 90.1 Å from a Porath correlation, relating to the elution volumes of the standard proteins to their known Stoke\'s radii ([@bib35]). (C) Multiple subunits of the Dam1p complex are phosphorylated in vivo. Dam1p complex was purified in the presence of phosphatase inhibitors and then split into two aliquots, one of which was treated with lambda protein phosphatase. (D) Ask1p phosphorylation changes over the cell cycle. Ask1-GFP--tagged strains were grown to log phase and arrested in either α-factor (G~1~), 0.2 M hydroxyurea (S phase), or by using temperature-sensitive *cdc16--1* (metaphase) and *cdc15--1* (telophase) mutants. Protein samples were run on an 8% SDS-PAGE gel and immunoblotted with antibodies against GFP.](0109063f1){#fig1}

We next wanted to test whether the components of the Dam1p complex exist solely in this large multiprotein complex or if subcomplexes and monomeric forms were also present. Sucrose gradient sedimentation and gel filtration chromatography revealed that Duo1p and Dam1p comigrate as a single peak in yeast protein extracts ([Fig. 1](#fig1){ref-type="fig"} B). By comparison to standards, we estimated that the Duo1p/Dam1p-containing complex has an S value of 6.5 and a Stoke\'s radius of 90 Å, corresponding to a native molecular weight of ∼245 kD. Assuming equal dye binding, densitometry of Coomassie-stained gels further indicated an approximately equimolar stoichiometry of Ask1p, Dam1p, Spc34p, Duo1p, Spc19p, Dad2p, and Dad1p within this complex ([Table I](#tbl1){ref-type="table"}). We were not able to estimate the stoichiometry of the two smallest proteins due to insufficient sensitivity, and the unidentified 22-kD band is present at a stoichiometry of 0.6:1, possibly reflecting degradation or partial disassociation of this protein from the complex. Together, these results indicate that Duo1p and Dam1p are present exclusively in an ∼245 kD complex, which based on the stoichiometries determined above contains a single copy of each known subunit.

###### Subunit stoichiometry for the Dam1p complex

  ---------------------------------------------------------------------------------------------------------
  Protein   Predicted molecular\                          Intensity/predicted\
            weight (SGD)[a](#tfn1){ref-type="table-fn"}   molecular weight[b](#tfn2){ref-type="table-fn"}
  --------- --------------------------------------------- -------------------------------------------------
            kD                                            

  ---------------------------------------------------------------------------------------------------------

SGD, *Saccharomyces* Genome Database.

The intensity of each Coomassie-stained protein was quantified, divided by the predicted molecular weight of that protein, and then adjusted by the average value obtained.

The Dam1p complex undergoes cell cycle--specific phosphorylation
----------------------------------------------------------------

Although multiple bands at ∼50 kD were observed on SDS-PAGE gels ([Fig. 1](#fig1){ref-type="fig"} A), Ask1p was the only protein identified by mass spectrometry in that size range. A possible explanation for this discrepancy is that some subunits of the Dam1p complex are modified by phosphorylation. In fact, when we compared the electrophoretic mobilities of these proteins isolated in the presence of phosphatase inhibitors with those for the same proteins treated with lambda protein phosphatase, we saw a change in mobility for Ask1p, Dam1p, and Spc19p on SDS-PAGE gels ([Fig. 1](#fig1){ref-type="fig"} C), indicating that these proteins are phosphorylated in vivo. Although Dam1p appears to be phosphorylated on multiple sites, the degree of phosphorylation did not appear to change during the cell cycle (unpublished data). In contrast, Ask1--green fluorescent protein (GFP)[\*](#fn1){ref-type="fn"} ([Fig. 1](#fig1){ref-type="fig"} D) did show evidence of cell cycle--specific phosphorylation. During G~1~ (α-factor arrest), Ask1p appeared as a fast migrating (dephosphorylated) form. However, during arrest in S phase or mitosis (using hydroxyurea and temperature-sensitive *cdc16--1* and *cdc15--1* mutants, respectively) Ask1p appeared as a slowly migrating (phosphorylated) form. Similar results were also observed when cells were released from α-factor arrest and allowed to progress synchronously through the cell cycle with the phosphorylated form appearing coincident with the initiation of budding (unpublished data).

The Dam1p complex binds to microtubules in vitro
------------------------------------------------

Since a Dam1p in vitro translation product was shown previously to bind to microtubules directly ([@bib12]), this suggested that the entire Dam1p complex may also bind to microtubules. To test this possibility, we incubated limiting amounts of purified Dam1p complex (∼5--10 nM) in the presence of varying concentrations of taxol-stabilized bovine brain microtubules (0--5 μM). We then subjected these reactions to ultracentrifugation to determine the percentage of Dam1p complex bound to each concentration of microtubules (determined by examining Duo1p and Dam1p). We determined that the Dam1p complex binds directly to microtubules in vitro with an affinity of ∼0.5 μM ([Fig. 2](#fig2){ref-type="fig"}). This value is consistent with the affinity that we determined previously for the binding of in vitro--translated Dam1p (1 μM \[[@bib12]\]) or *Escherichia coli*--purified Dam1p (∼0.5 μM; unpublished data) to microtubules. Interestingly, we found that both phosphorylated and unphosphorylated forms of Dam1p complex bind to microtubules with similar affinities (unpublished data), suggesting that protein phosphorylation of the Dam1p complex regulates an activity other than microtubule binding.

![**Purified Dam1p complex binds to microtubules directly with** ∼**0.5 μM affinity.** Purified Dam1p complex (∼5--10 nM) was incubated with varying concentrations of microtubules, which were then pelleted by centrifugation. The amount of complex bound to microtubules was determined by quantifying Duo1p and Dam1p in the pellet and supernatant fractions. (A) Percentage of protein bound to microtubules plotted with respect to the concentration of microtubules in the reaction. (B) Western blots showing the amount of Dam1p or Duo1p that is unbound (S, supernatant) or bound (P, pellet) at each concentration of microtubules.](0109063f2){#fig2}

Spc34p, Spc19p, Dad2p, and Ask1p localize to spindles and kinetochores
----------------------------------------------------------------------

The purification described above isolated a tight complex of proteins that behaved as a functional unit in vitro with respect to binding to microtubules. We next wanted to establish whether these proteins formed a functionally relevant complex in vivo. Based on our previous analyses of Duo1p, Dam1p, and Dad1p ([@bib12]; [@bib2]; [@bib5]), we predicted that the newly identified subunits would localize to the mitotic spindle. In fact, COOH-terminal fusions between Spc34p, Spc19p, Dad2p, or Ask1p, and GFP all localized to spindle poles and along the length of both short and long mitotic spindles ([Fig. 3](#fig3){ref-type="fig"} A). Interestingly, Dad2-GFP showed strong punctate localization along longer spindles in addition to a weaker uniform straining. Colocalization with tubulin confirmed the localization of these proteins to the spindle but not to cytoplasmic microtubules (unpublished data). GFP fusions of Spc19p and Spc34p have also been localized along the mitotic spindle by immunofluorescence and immunoelectron microscopy ([@bib42]).

![**Spc19p, Spc34p, Dad2p, and Ask1p localize to spindles and kinetochores.** (A) GFP fluorescence and corresponding DIC images showing the localization of the indicated fusion protein to the mitotic spindle. (B) Cells expressing the indicated GFP fusion proteins were prepared for chromosome spreads as described ([@bib22]). They were then processed for immunofluorescence and stained with anti-GFP and anti-Dam1p antibodies. Bar, 5 μm.](0109063f3){#fig3}

In addition to localizing to the mitotic spindle, immunofluorescence microscopy of chromosome spreads ([@bib2]) and chromatin immunoprecipitation analysis ([@bib5]) demonstrated previously the association of Duo1p, Dam1p, and Dad1p with kinetochores. To determine whether the newly identified subunits of this complex also localize to kinetochores, we performed chromosome spreads on strains expressing Spc19-GFP, Spc34-GFP, Dad2-GFP, and Ask1-GFP. All of these proteins colocalized precisely with Dam1p to punctate foci ([Fig. 3](#fig3){ref-type="fig"} B) but not to bulk DNA, consistent with localization to kinetochores, which are known to be clustered in these preparations ([@bib16]). Since we showed previously that Dam1p colocalizes with the kinetochore components Ndc10p and Mtw1p in these spreads ([@bib2]), these results indicate that the additional subunits localize with Dam1p to kinetochores. Recently, Spc19p and Spc34p were shown by chromatin immunoprecipitation to localize to centromeric DNA ([@bib11]). In total, the above results provide strong in vivo support for the inclusion of these additional subunits in the Dam1p complex.

*ask1* and *dad2* mutants show spindle defects
----------------------------------------------

Previous analyses of temperature-sensitive *duo1*, *dam1*, and *dad1* mutants revealed a range of defects in spindle integrity ([@bib12]; [@bib2]; [@bib5]). If the newly identified subunits are functionally relevant, we predicted that they would show similar mutant phenotypes. *SPC19*, *SPC34*, *DAD2*, and *ASK1* are all essential genes ([@bib42]; [@bib43]). To determine the loss of function phenotypes of some of these additional subunits, we generated degron-tagged alleles of *ask1* and *dad2* (termed td, for temperature-degron \[[@bib4]\]). When *ask1* ^td^ and *dad2* ^td^ mutants were shifted to the restrictive temperature, the Ask1p and Dad2p fusion proteins were targeted for degradation ([Fig. 4](#fig4){ref-type="fig"} A), and the mutants arrested with a high proportion of large-budded cells. When the mutant spindles were examined, we found that the majority of *ask1* ^td^ and *dad2* ^td^ cells arrested with a short mitotic spindle and a single mass of DNA ([Fig. 4](#fig4){ref-type="fig"} B) similar to what we have described previously for *duo1-2*, *dam1-9*, and *dad1-1* mutants. A smaller percentage of *ask1* ^td^ and *dad2* ^td^ mutant cells showed spindles that had broken down partially or completely in the middle and elongated beyond the short spindle stage ([Fig. 4](#fig4){ref-type="fig"} B, insets). In total, these results provide strong phenotypic evidence that Ask1p and Dad2p function as components of the Dam1p complex to maintain spindle integrity.

![***dad2* and** *ask1* **mutants show spindle defects.** (A) Immunoblots of *ask1* ^td^ and *dad2* ^td^ strains showing degradation of the fusion protein. Degron-tagged alleles of *ask1* and *dad2* were grown at 25°C and shifted to 37°C at *t* = 0 h Protein samples were immunoblotted with anti-HA antibodies to detect the DHFR^ts^--HA fusion protein. (B) *ask1* ^td^ and *dad2* ^td^ mutant phenotypes. Degron-tagged alleles of *ask1* and *dad2* were grown at 25°C and shifted to 37°C for 3 h. They were then processed for tubulin immunofluorescence and DNA staining (DAPI). At this time point, 90% of large budded *ask1* ^td^ and 82% of large budded *dad2* ^td^ cells showed short spindle structures and a single mass of DNA, whereas 10% of *ask1* ^td^ and 15% of *dad2* ^td^ cells showed broken down spindles (*n* = 100 cells/sample). Bar, 5 μm.](0109063f4){#fig4}

A genetic context for the Dam1p complex at the outer kinetochore
----------------------------------------------------------------

The identification of the additional subunits of the Dam1p complex in combination with data from large scale two-hybrid experiments ([@bib13], [@bib14]; [@bib39]) suggested that the Dam1p complex might interact physically with multiple components of the kinetochore (see Discussion). Examining genetic interactions in budding yeast provides a functional context for such physical interactions. We showed previously that *dam1-1* interacts genetically with the kinetochore components *ctf19*Δ, *bir1*Δ, *ipl1-2*, and *sli15-3* but not with mutants in the CBF3 complex or *mif2-3* ([@bib2]; [@bib18]). To extend this genetic analysis, we crossed *dam1-1* to a wide range of mutants that affect kinetochore function. *dam1-1* showed synthetic lethality in combination with *mcm16*Δ ([@bib33]), *chl4*Δ (also known as *ctf17*Δ or *mcm17*Δ \[[@bib32]\]), *mcm21*Δ, and *mcm22*Δ ([@bib30]) but not with *cbf1*Δ, *cse4-1* ([@bib37]), *mcm19*Δ (also known as *iml3*Δ \[[@bib8]\]), or *mtw1-1* ([@bib10]). Strikingly, although several genetic interactions were observed with established kinetochore components (see indicated references, and for Mcm16 and Mcm22 \[V. Measday and P. Hieter, personal communication\]) no interactions were detected with mutants of the inner kinetochore proteins that bind directly to centromeric DNA (such as CBF3 mutants, *cbf1*Δ, *cse4-1*, or *mif2-3*). Therefore, these genetic results considered in combination with our biochemical demonstration of microtubule binding described above strongly implicate the Dam1p complex in outer kinetochore function.

Our previous work indicated that Dam1p is a microtubule-associated protein involved in attaching the kinetochore to spindle microtubules ([@bib2]). Recent work has suggested a similar role for the microtubule-associated proteins Stu2p and Bik1p ([@bib11]). Therefore, we also conducted crosses between *dam1-1* and *stu2-10* ([@bib20]; [@bib34]) or *bik1-1* ([@bib29]). *dam1-1* was synthetically sick in combination with both *stu2-10* and *bik1-1*; however, *bik1-1 dam1-1* double mutants were much sicker, growing poorly even at 25°C. To determine whether these genetic interactions indicated a shared function in kinetochore--microtubule attachments or in spindle structure, we performed tubulin immunofluorescence on *bik1-1 dam1-1*, *bik1-1 dam1-11*, *stu2-10 dam1-1*, and *stu2-10 dam1-11* double mutants grown at 37°C ([Fig. 5](#fig5){ref-type="fig"}). In contrast to *dam1-1* and *dam1-11* mutants that arrest in metaphase and show premature spindle elongation ([@bib2]; [Fig. 5](#fig5){ref-type="fig"}), *dam1-1 stu2-10* and *dam1-11 stu2-10* double mutants showed shorter broken down spindles. This lack of elongated spindles is consistent with the role that has been ascribed to Stu2p in mediating microtubule dynamics and spindle elongation ([@bib20]; [@bib34]). *dam1-11 bik1-1* and *dam1-1 bik1-1* double mutants arrested primarily with short highly abnormal spindles, although some DNA segregation was observed. This severe spindle phenotype is not observed in either *dam1* or *bik1* single mutants, suggesting an overlapping role for Bik1p and Dam1p in spindle structure. Therefore, although Stu2p and Bik1p may have roles in kinetochore function the results described here indicate that both proteins play important roles in spindle structure.

![**Analysis of** *stu2 dam1* **and** *dam1 bik1* **double mutants reveals shared roles in spindle structure.** *dam1-11*, *stu2-10*, *and bik1-1* single mutants and *dam1-11 stu2-10*, *dam1-1 stu2-10*, *dam1-11 bik1-1*, *and dam1-1 bik1-1 double mutants* were grown at 25°C and shifted to 37°C for 3 h. They were then processed for tubulin immunofluorescence and DNA staining (DAPI). Bar, 5 μm.](0109063f5){#fig5}

Discussion
==========

Purification of the Dam1p complex
---------------------------------

Here, we presented evidence that Duo1p, Dam1p, and Dad1p exist as components of an ∼245 kD complex that additionally contains Spc19p, Spc34p, Dad2p, and Ask1p. Spc19p and Spc34p were identified previously ([@bib42]), but their specific functions during yeast mitosis were not determined. We have also isolated two novel and previously uncharacterized proteins, Dad2p and Ask1p. Based on the localization of these additional subunits to the spindle and kinetochores and on the phenotypic analysis of *ask1* ^td^ and *dad2* ^td^, we believe that this set of proteins forms a functionally important mitotic spindle complex in vivo. Significantly, the identification of homologs for all subunits of the Dam1p complex in diverse fungal species, including *Candida albicans*, *Aspergillus nidulans*, and *Schizosaccharomyces pombe* ([@bib2]; [@bib5]; unpublished data), suggests that this complex has conserved spindle and kinetochore functions.

Kinetochore functions of the Dam1p complex
------------------------------------------

We showed previously that the Dam1p complex contributes to both spindle and kinetochore function in vivo ([@bib2]). Here, we demonstrated that intact Dam1p complex is able to bind to microtubules directly in vitro. Since the Dam1p complex associates with both kinetochores and microtubules, it may play a direct role in mediating kinetochore--microtubule attachments. In fact, some *duo1* and *dam1* mutants show a premature spindle elongation/chromosome segregation phenotype during a metaphase arrest ([@bib2]) and altered chromosome dynamics ([@bib11]), both of which appear to reflect a monopolar spindle attachment of paired sister chromatids. Our previous analyses suggested that these monopolar attachments result from a failure to form new kinetochore--microtubule attachments after DNA replication ([@bib2]), supporting a role for the Dam1p complex in facilitating the establishment but not necessarily the maintenance of microtubule--kinetochore interactions. Once such an attachment is formed through the activity of the Dam1p complex, other microtubule-associated proteins (such as those described by [@bib11]) may play roles in maintaining this attachment. This hypothesis is supported by the genetic interactions that we observed between *dam1-1* and *stu2-10* or *bik1-1*. However, based on the spindle phenotypes presented here for these double mutants it is also likely that these genetic interactions reflect a shared role in spindle structure.

Regulation of the Dam1p complex
-------------------------------

The activities of the Dam1p complex are specifically required for a period of the cell cycle between S phase and the end of mitosis ([@bib2]). Given the key roles that this complex plays in spindle and kinetochore function, it is likely that the cell would need to regulate these activities. We found previously that Dam1p associates with Ipl1p, an aurora protein kinase, and that Dam1p is a target of Ipl1p both in vivo and in vitro ([@bib18]). *dam1-1* also shows genetic interactions with Mps1p ([@bib17]), a protein kinase involved in spindle pole body duplication and the spindle assembly checkpoint, suggesting that this complex may be regulated by Mps1p. Here, we presented evidence that Ask1p and Spc19p are also phosphorylated in vivo. Importantly, the phosphorylation of Ask1p changes in a cell cycle stage--specific manner with the highest levels of phosphorylation observed during S phase and mitosis.

A physical and genetic context for the Dam1p complex at the outer kinetochore
-----------------------------------------------------------------------------

The identification of four additional subunits of the Dam1p complex allows for a more complete understanding of the roles that this complex plays in kinetochore function. Genome-wide two-hybrid screens identified multiple physical interactions between subunits of the Dam1p complex and other components of the kinetochore ([@bib13], [@bib14]; [@bib39]). For example, this complex shows multiple interactions with components of the Ndc80 complex (Dam1p--Ndc80p, Spc19p--Ndc80p, and Spc19p--Nuf2p), suggesting that the functions of these two complexes may be closely associated. In addition, Dam1p interacts with Mcm16p ([@bib14]), and Spc34p interacts by two-hybrid with Mcm22p (V. Measday and P. Hieter, personal communication). The interactions revealed by our genetic studies lend support to the biological relevance to the two-hybrid interactions with Mcm16p and Mcm22p and also point to an interaction with the Ctf19 complex. These data combined with recent work on other complexes within the kinetochore and the extensive protein--protein interactions identified by genome-wide two-hybrid studies, have helped to generate an appreciation of the large network of physical interactions that exist within the kinetochore. [Fig. 6](#fig6){ref-type="fig"} represents the first attempt to model the physical interactions that may serve to connect microtubules and centromeric DNA in budding yeast. Although much work remains to be done, the elucidation of this network of interactions is an important first step toward understanding the organization and function of the outer kinetochore.

![**Protein interactions establishing the connectivity between spindle microtubules and centromeric DNA.** Physical interactions are indicated by lines between proteins. Shapes indicate distinct complexes within the kinetochore. Proteins that interact directly with centromeric DNA are shown in blue. Proteins whose loss of function results in genetic interactions with *dam1*-*1* are shown in red. Protein interaction data are from [@bib3], [@bib8], [@bib14], [@bib13], [@bib27], [@bib28], [@bib39], [@bib44], and [@bib18]. Physical interactions between Mcm16-Ctf19, Mcm22-Ctf19, Mcm16-Ctf3, Mcm22-Ctf3, and Spc34-Mcm22 represent coimmunoprecipitation and two-hybrid data from V. Measday and P. Hieter (personal communication).](0109063f6){#fig6}

Materials and methods
=====================

Strains and growth conditions
-----------------------------

Yeast strains used in this study are listed in [Table II](#tbl2){ref-type="table"}. COOH-terminal GFP tags were generated at the endogenous *SPC19*, *SPC34*, *DAD2*, and *ASK1* loci using a method similar to that described by [@bib23]. Degron-tagged alleles ([@bib4]) of *ASK1* and *DAD2* were constructed by cloning the *ASK1* and *DAD2* ORFs into the HindIII sites of pPW66R. The resulting plasmids were cut with NcoI and integrated at the *URA3* locus of a corresponding heterozygous deletion strain ([Table II](#tbl2){ref-type="table"}). These strains were sporulated, and haploid integrants in a null background were recovered. Yeast were grown on either yeast extract/peptone or synthetic medium supplemented with the appropriate nutrients and 2% glucose using standard procedures. All growth experiments were conducted in yeast extract/peptone plus dextrose. Geneticin (GIBCO BRL) was used at an effective concentration of 0.4 mg/ml.

###### Yeast strains used in this study

  Name      Genotype                                                                                                                        Source
  --------- ------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------
  DDY1810   MAT**a**, leu2, ura3-52, trp1, prb1-1122, pep4-3, pre1-451                                                                      Drubin/Barnes lab
  DDY2369   MAT**a**, leu2, ura3-52, trp1, prb1-1122, pep4-3, pre1-451, DAD1-STag-TEV-ZZ::KanMX                                             This study
  CUY1266   MAT**a**, his3Δ200, leu2-3,112, ura3-52, SPC34-GFP::HIS3                                                                        This study
  CUY1268   *MAT*α*, his3*Δ*200, leu2-3,112, ura3-52, DAD2-GFP::HIS3*                                                                       This study
  CUY1291   MAT**a**, his3Δ200, leu2-3,112, ura3-52, SPC19-GFP::HIS3                                                                        This study
  DDY2370   MAT**a**, his3Δ200, leu2-3,112, ura3-52, ade2-1, ASK1-GFP::HIS3                                                                 This study
  DDY2371   *MAT**a**/MAT*α*, his3*Δ*200/his3*Δ*200, leu2-3,112/leu2-3,112, ura3-52/ura3-52, ade2-1/ADE2, lys2-801/LYS2, ask1Δ::HIS3/*+     This study
  DDY2372   *MAT**a**/MAT*α*, his3*Δ*200/his3*Δ*200, leu2-3,112/leu2-3,112, ura3-52/ura3-52, ade2-1/ADE2, lys2-801/LYS2, dad2*Δ*::HIS3/*+   This study
  DDY2373   MAT**a**, his3Δ200, leu2-3,112, ade2-1, ask1Δ::HIS3, ura3-52::ask1td::URA3                                                      This study
  DDY2374   MAT**a**, his3Δ200, leu2-3,112, ade2-1, dad2Δ::HIS3, ura3-52::dad2td::URA3                                                      This study
  DDY1909   MAT**a**, his3Δ200, leu2-3,112, ura3-52, ade2-1, dam1-11::KanMX                                                                 Drubin/Barnes lab
  DDY1913   MAT**a**, his3Δ200, leu2-3,112, ura3-52, ade2-1, dam1-1::KanMX                                                                  Drubin/Barnes lab
  PY434     *MAT*α*, leu2, ura3, trp1, ade2, ade3, bik1-1::TRP1*                                                                            D. Pellman[a](#tfn3){ref-type="table-fn"}
  CUY1088   MAT**a**, his3Δ200, leu2-3,112, ura3-52, stu2-10::URA3                                                                          Huffaker lab
  DDY2375   MAT**a**, his3Δ200, leu2-3,112, ura3-52, lys2-801, stu2-10::URA3, dam1-11::KanMX                                                This study
  DDY2376   MAT**a**, his3Δ200, leu2-3,112, ura3-52, lys2-801, stu2-10::URA3, dam1-1::KanMX                                                 This study
  DDY2377   MAT**a**, his3Δ200, leu2-3,112, ura3-52, ade2-1, bik1-1::TRP1, dam1-11::KanMX                                                   This study

The Dana-Farber Cancer Institute, Boston, MA.

All Drubin and Huffaker lab strains are derived from strain S288C.

Purification of the Dam1p complex
---------------------------------

A modified version of a tandem affinity purification tag ([@bib31]) composed of an S tag ([@bib19]) in place of the calmodulin binding peptide, a TEV protease cleavage site, and a ZZ tag (minimal protein A binding domain) was amplified from pKW804 (a gift from K. Weis, University of California) and integrated at the COOH terminus of *DAD1* in DDY1810 to generate DDY2369. DDY2369 was grown to OD~600~ = 1.2, washed with H~2~O, resuspended in 0.2 vol H~2~O, and drop frozen in liquid N~2~. Cells were lysed five times in a Waring blender with liquid N~2~. An equal volume of 2× lysis buffer (1× lysis buffer: 50 mM bis-Tris propane, pH 7.0, 0.1 M KCl, 5 mM EDTA, 5 mM EGTA, 10% glycerol) plus 2 mM PMSF and 2× protease inhibitors was added to the cell powder. Triton X-100 was added to the thawed extract to a final concentration of 1%. All remaining steps were conducted at 4°C. The extract was centrifuged at 10 k rpm in a SS-34 rotor for 20 min and at 45 k rpm in a Ti70 rotor for 30 min. The supernatant was passed over Q sepharose resin (Amersham Pharmacia Biotech), and the salt concentration of the flow through was adjusted to 0.4 M KCl by the addition of 2.5 M KCl. The flow through was then added to IgG sepharose (Amersham Pharmacia Biotech) and washed with lysis buffer with 0.4 M KCl, 0.6 M KCl, and finally 0.4 M KCl plus 1 mM DTT and 0.1% Tween-20. The IgG sepharose was incubated overnight in a small volume of the final wash buffer plus TEV protease. The supernatant was then removed from the IgG sepharose and added to S protein agarose (Novagen) for 3 h. The S protein agarose was washed with lysis buffer with 0.4 M KCl, and SDS protein sample buffer was added to elute the complex. For biochemical studies, eluate from the IgG sepharose was concentrated in a Cen30 concentration device and separated on a Superdex 200 gel filtration column equilibrated with 1× lysis buffer plus 1 mM DTT. Typically, 100 g of yeast extract (from 16 liter of culture) yielded ∼1 μg of purified Dam1p (or ∼5--6 μg of purified complex).

For studies on the phosphorylated complex, the initial 2× lysis buffer was supplemented with 20 mM Na pyrophosphate, 10 mM NaN~3~, 20 mM NaF, 0.8 mM Na orthovanadate, and 0.1 M β-glycerophosphate. For studies on the dephosphorylated complex, protein bound to either the IgG sepharose or S protein agarose was washed into lambda phosphatase buffer (50 mM Tris-HCl, pH 7.5, 0.1 mM EDTA, 5 mM DTT, 0.01% Brij 35, 2 mM MnCl~2~) and incubated with 4 μl of lambda protein phosphatase (New England Biolabs, Inc.) for 1 h at 30°C. It was then washed into 1× lysis buffer, and the purification was completed as described above.

Mass spectrometry analysis
--------------------------

A 50-μl sample of purified Dam1p complex eluted from the S protein agarose in 8 M urea, 50 mM Tris-HCl, pH 8.5, was reduced and alkylated using Tris 2-carboxyethyl phosphine HCL and iodoacetamide. The sample was then sequentially digested with endoproteinase Lys-C (Roche Diagnostics) and Porozyme™ immobilized trypsin (PerSeptive Biosystems) ([@bib24]). The resulting peptide mixture was then analyzed by MudPIT as described in [@bib21] and [@bib40]. Tandem mass spectra were searched against a database of predicted ORFs (*Saccharomyces* Genome Database) to which common contaminants such as keratin and trypsin were added. Search results were filtered and grouped using the DTASelect program ([@bib38]), and identifications were confirmed through manual evaluation of spectra.

Immunofluorescence microscopy
-----------------------------

Chromosome spreads were prepared as described ([@bib22]). Indirect immunofluorescence microscopy on intact yeast cells was performed as described ([@bib1]). The YOL134 antitubulin antibody (Accurate Chemical and Scientific Corporation) was used at a dilution of 1:200, rabbit anti-GFP antibody (a gift from Pam Silver, Dana-Farber Cancer Institute, Boston, MA) at 1:4000, and affinity purified guinea pig anti-Dam1p antibody ([@bib2]) at 1:1,000. Fluorescein or rhodamine-conjugated anti-IgG heavy chain secondary antibodies (Jackson ImmunoResearch Laboratories) were used at 1:500. Light microscopy was performed using a Nikon TE300 microscope equipped with a 100×/1.4 Plan-Apo objective and an Orca-100 cooled CCD camera (Hamamatsu) controlled by Phase-3 Imaging Systems software.

Protein and immunological techniques
------------------------------------

For sucrose gradients, 50 μl of yeast extract was loaded onto a 2.1 ml 5--20% sucrose gradient, pelleted at 50,000 rpm for 18 h at 4°C in a TLS55 rotor, and fractions were collected from the top and TCA precipitated. In a parallel gradient, proteins of known S value (ribonuclease A, 1.8S, chymotrypsinogen A, 2.58S, BSA, 4.3S, and aldolase, 7.35S) were fractionated and analyzed by Coomassie staining of SDS-PAGE gels. For the Superose 6 gel filtration column, 0.5 ml of yeast protein extract was fractionated on a 24 ml Superose 6 column, and 1.5-ml fractions were collected. Standards for the gel filtration column include thyroglobulin (85 Å), catalase (52.2 Å), aldolase (48.1 Å), ovalbumin (30.5 Å), and chymotrypsinogen A (20.9 Å).

Immunoblots were performed as described ([@bib2]). Anti-Duo1p antibody ([@bib12]) was used at a dilution of 1:2,000, guinea pig or rabbit anti-Dam1p antibody at 1:1,000, mouse anti-HA.11 antibody (Covance) at 1:1,000, and mouse anti-GFP antibody (Roche) at 1:500. HRP-conjugated secondary antibodies against rabbit, mouse (Amersham Life Sciences), and guinea pig (Alpha Diagnostic, Inc.) were used at 1:10,000.

Microtubule binding assays
--------------------------

Purified bovine brain tubulin (60 μM) in BRB80 buffer (80 mM K-Pipes, pH 6.8, 1 mM EGTA, 1 mM MgCl~2~) was assembled as described previously ([@bib12]). For cosedimentation assays on the entire Dam1p complex, peak gel filtration fractions were supplemented with 1 mg/ml BSA and centrifuged at 23°C for 20 min at 60,000 rpm in a TLA100 rotor. 20 μl of soluble complex was added to an equal volume of taxol-stabilized microtubules that had been diluted into 1× lysis buffer with 1 mM DTT. These reactions were incubated for 20 min at 23°C to allow binding to occur and then were centrifuged as described above to pellet the microtubules. Pellets and supernatants were fractionated on SDS-PAGE gels and immunoblotted. At least two independent samples were examined for each concentration of microtubules.
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